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Structure of Methylene-Tetrahydromethanopterin
Dehydrogenase from
Methylobacterium extorquens AM1
H4MPT, the latter in a dephospho form, could be shown
in Methylobacterium extorquens AM1 [5, 6]. Dephos-
pho-H4MPT lacks the terminal -hydroxyglutaryl phos-
phate unit described for the cofactor from the methano-
genic archaeon Methanothermobacter marburgensis
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Heinrich-Hoffmann-Strasse 7 (formerly called Methanobacterium thermoautotro-
phicum) [7].D-60528 Frankfurt am Main
Germany M. extorquens AM1 possesses two independent C1
pathways based on the use of the two pterin cofactors.2 Max-Planck-Institut fu¨r Terrestrische
Mikrobiologie Experimental evidence is available that the H4MPT-
dependent pathway has a catabolic function in the oxi-Karl-von-Frisch-Strasse
D-35043 Marburg dation of reduced one-carbon substrates, such as meth-
anol or formaldehyde, and that the one-carbon unitsGermany
bound to H4F are used as the source of biosynthetic
carbon for purine and formyl methionine-tRNA synthesis
from N10-formyl-H4F [6, 8, 9]. The key enzyme of theSummary
serine cycle for formaldehyde assimilation, serine hy-
droxymethyltransferase, uses N5,N10-methylene-H4F asNADP-dependent methylene-H4MPT dehydrogenase,
substrate [10]. This substrate is also required for thymi-MtdA, from Methylobacterium extorquens AM1 cata-
dylate synthesis. All the H4F- and H4MPT-dependent en-lyzes the dehydrogenation of methylene-tetrahydro-
zymes involved are essential for growth on methanol [5].methanopterin and methylene-tetrahydrofolate with
In mitochondria and most bacteria, the N5,N10-methyl-NADP as cosubstrate. The X-ray structure of MtdA
ene-H4F dehydrogenase and cyclohydrolase functionswith and without NADP bound was established at 1.9 A˚
are combined within a single bifunctional enzyme [2].resolution. The enzyme is present as a homotrimer.
Such a dual function enzyme is apparently absent in M.The , fold of the monomer is related to that of meth-
extorquens AM1. Instead, the proteobacterium containsylene-H4F dehydrogenases, suggesting a common
two monofunctional dehydrogenases, MtdA and MtdB,evolutionary origin. The position of the active site is
and two cyclohydrolases [6, 9, 11]. Both dehydroge-located within a large crevice built up by the two do-
nases use pyridine nucleotides as cosubstrates, andmains of one subunit and one domain of a second
aspects of the substrate specificities of these enzymessubunit. Methylene-H4MPT could be modeled into the
are unusual. MtdA shows absolute specificity for NADP,cleft, and crucial active site residues such as Phe18,
but can catalyze both the dehydrogenation of methyl-Lys256, His260, and Thr102 were identified. The mo-
ene-H4MPT (G 13 kJ/mol) and the reversible dehy-lecular basis of the different substrate specificities
drogenation of methylene-H4F (G  3.5 kJ/mol), al-and different catalytic demands of MtdA compared to
beit with a 20-fold lower catalytic efficiency as themethylene-H4F dehydrogenases are discussed.
H4MPT-dependent reaction (Figure 1) [6]. By contrast,
MtdB is specific for the pterin substrate methylene-Introduction
H4MPT but uses NAD and NADP as cosubstrate. It has
been discussed that MtdB is involved in formaldehydeTetrahydrofolate (H4F) and tetrahydromethanopterin
oxidation to CO2 and generation of NADH, whereas MtdA(H4MPT) are cofactors able to carry one-carbon units
is primarily an H4F-dependent enzyme in vivo [11]. Inter-between the formyl and methyl oxidation level. The one-
estingly, the mtdA gene is located directly upstream ofcarbon units are bound to the N5 and/or N10 nitrogen
fchA, which encodes methenyl-H4F cyclohydrolase. Theatoms of the reduced pterins. H4F and H4MPT are struc-
gene mtdB is located in a gene cluster together withtural analogs with respect to the pterin moiety but have
other H4MPT-dependent enzymes for formaldehyde oxi-distinct side chains: H4F has an electron-withdrawing
dation to CO2, such as the formaldehyde-activating en-carbonyl group in conjugation with the N10 atom via the
zyme Fae, the methenyl-H4MPT cyclohydrolase Mch,aromatic ring, whereas H4MPT has an electron-donating
and the formyl methanofuran:tetrahydromethanopterinmethylene group in this position [1]. H4F is present in
formyltransferase complex (Ftr) [8, 9, 12].almost all organisms [2], whereas H4MPT was previously
MtdA and MtdB have several properties in commonthought to be restricted to anaerobic methanogenic
with the two kinds of methylene-H4MPT dehydrogenasesarchaea [3] but is now also found within aerobic methylo-
found in methanogenic archaea, the F420-dependent [13]trophic proteobacteria [4]. The occurrence of H4F and
and H2-forming methylene-H4MPT dehydrogenases [14],
as well as with the methylene-H4F dehydrogenases from3 Correspondence: ulrich.ermler@mpibp-frankfurt.mpg.de (U.E.), bacteria and eucarya [2]. All the dehydrogenases are
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composed of only one type of subunit with a molecular4 Present address: GVCIC, BASF AG, 67065 Ludwigshafen,
Germany.
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Figure 1. Reaction of MtdA
Methylene-H4MPT (-H4F) is oxidized to meth-
enyl-H4MPT (-H4F) with NADP as cosubstrate.
H4MPT is composed of a 7-methyl-6-ethyl-
pterin, an aminobenzyl, a 1-desoxyribose, a
ribose, a phosphate, and a 2-hydroxygluta-
rate moiety. H4F consists of a 6-methyl-pterin,
a p-aminobenzoate, and a glutamate moiety.
The two methyl groups painted in blue are
only present in H4MPT. Methylene and methe-
nyl groups are indicated in red.
mass between 30 and 40 kDa, lack chromophoric pros- (see below), is novel. Whereas the NADP domains pro-
trude into the solvent, the three pterin domains assem-thetic groups, exhibit a ternary complex catalytic mech-
anism, and are pro-R specific with respect to the methyl- ble close to the noncrystallographic 3-fold axis (Figure
3A). The interface between the pterin domains is pre-ene cofactor [15]. However, analysis of the primary
structure revealed that the dehydrogenases fall into four dominantly nonpolar (69% nonpolar, 31% polar) and
buries 9% of the surface area per monomer [22]. Thedifferent classes, the sequence identity between them
being only around 15%, whereas within one family the center of the trimer is closed by the three side chains
of His30 which point from the three subunits toward thesequence identity of the dehydrogenases is 30% or
higher. The three-dimensional structure of a methylene- pseudosymmetry axis.
The pterin domain of MtdA is composed of anH4MPT dehydrogenase from a methanogenic archaeon
has not been solved yet. N-terminal segment (residues 2–105) with a 
folding unit and a C-terminal segment (residues 257–Here we describe the structure of NADP-dependent
methylene-H4MPT/H4F dehydrogenase MtdA with the 288) that includes strand 12 and in part helices 9 and
10 (Figures 3B and 3C). Both segments join to a five-cofactor NADP bound and we present a model for the
binding of the pterin cofactors. The active site geometry stranded parallel  sheet flanked by four  helices on
both sides. A similar fold has been observed in severalis discussed with respect to that of mono- and bifunc-
tional methylene-H4F dehydrogenases [16–18], illustrat- proteins (DALI) [23]. The most similar structure is the
transcriptional regulatory protein FixJ [24]. Strands 1ing the interplay between conservation and specific
functional adaptation on an atomic ground. and 2 as well as helices 1 and 2 are involved in
forming the interface between the subunits.
The fold of the NADP domain (residues 106–256) es-Results and Discussion
sentially corresponds to that found in the widespread
dinucleotide binding family [25]. The major difference isStructure of MtdA
MtdA from M. extorquens AM1 heterologously ex- that strand 10 connects strands 9 and 11 instead
of an  helix (Figures 3B and 3C). The most similarpressed in Escherichia coli BL21 was crystallized using
PEG1500 as precipitant. Its structure was solved by members of the dinucleotide binding family are alanine
dehydrogenase [26] and methylene-H4F dehydroge-the multiple isomorphous replacement method at 2.9 A˚
resolution and refined at 1.9 A˚ resolution (see Table 1). In nase/cyclohydrolase [16], with rms deviations com-
pared to MtdA of 2.4 A˚ and 2.2 A˚, using more than 70%addition, the enzyme-NADP complex was structurally
characterized at 1.9 A˚ resolution using the molecular of the C atoms for superposition [23].
The two domains are arranged in such a way thatreplacement method for phase determination. Figure 2
illustrates the quality of the final electron density map a small cleft is formed at the interface between them
(Figures 3B and 3C). Moreover, the  sheets of the do-of the latter structure.
In agreement with gel filtration experiments [6], the mains are oriented perpendicular to each other and their
C-terminal ends point toward the interface. The domainscrystal structure revealed that MtdA is a homotrimer
(Figure 3A). Each of the subunits has a size of about are linked by the two long helices 4 and 9, the latter
being bent, and by several noncovalent interactions in-63 A˚  40 A˚  35 A˚ and consists of two domains which
are designated pterin and NADP (binding) domains (Fig- cluding the ion pairs Arg167-Glu278, Arg135-Glu74, and
Glu143-Lys285. Nevertheless, the NADP domain is mo-ures 3B and 3C), both adopting an / twisted open
sheet structure. The fold of the subunits exhibits signifi- bile relative to the pterin domain. The superposition of
the three monomers in the asymmetric unit results incant similarities to that of the malic enzyme [19], the
aspartate and the ornithine transcarbamoylase [20, 21], an rms deviation of around 0.5 A˚ between monomers,
compared to about 0.3 A˚ between individual domains.and the methylene-H4F dehydrogenase [16–18], but the
oligomeric organization, which is functionally essential Moreover, the NADP domain of one subunit is present in
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Table 1. Structure Determination
Data set MtdA11 MtdA21 MtdA31 HgAc2 Thimerosal K2PtCI4 TERPI2
Wavelength 1.05 0.84 1.54 1.54 1.54 1.54 1.54
Resolution (A˚) 1.9 1.9 2.9 2.9 2.9 2.9 2.9
Completeness (%) 93.8 95.3 93.6 93.1 85.3 78.4 63.1
Multiplicity 3.0 3.4 2.3 1.8 2.9 2.1 2.3
Rsym (%)3 6.4 9.1 5.2 8.8 11.1 8.5 13.4
Phasing power4 (cent) 1.5 1.4 1.4 2.1
(acent) 1.8 1.9 1.5 1.9
RCullis (%)5 (cent) 0.77 0.75 0.84 0.7
(acent) 0.77 0.75 0.82 0.75
Rcryst (%)6 19.0 18.6
Rfree (%)7 22.9 22.2
Rmsd bond length (A˚) 0.014 0.011
Rmsd bond angles () 1.5 1.31
1MtdA1, crystal form 1; MtdA2, crystal form 2; MtdA3, native data set of form 1 used for phase determination.
2 TERPI: platinum (II) 2,2	:6	,2″ terpyridine chloride
3 Rsym  
hkl
i|Ii  I|/
I, Ii intensity of the ith measurement per reflection hkl, I average intensity for a reflection.
4 Phasing power  F(H)/E, the rms heavy atom structure factor amplitudes divided by lack of closure error.
5 RCullis  
hkl(|FPH(obs)|  |FPH(calc)|)/
hkl(|FPH(obs)|  |FP(obs)|)
6 Rcryst  
hkl(|F(obs)|  |F(calc)|)/
hkl|F(obs)|
7 Rfree  
hkl(|F(obs)|  |F(calc)|)/
hkl|F(obs)|, where 5% of the observed structure factor amplitudes are not used for refinement.
two distinct conformations; the rotation and translation 3B and 3C), similar to the other members of the dinucleo-
tide binding family [25]. The average B factor is 30.2 A˚2parameters between them are 4 and 1.7 A˚, respectively.
for NADP compared to 27.0 A˚2 for the polypeptide
chain, which is compatible with a complete occupancyNADP Binding
of NADP. When considering the 3-fold noncrystallo-Analysis of crystals of MtdA harboring NADP revealed
graphic symmetry axis as fixed, NADPbinding changesthat the cosubstrate is located at the C-terminal end of
the conformation of the NADP domain relative to thethe central  sheet of the NADP binding domain (Figures
pterin domain (Figure 4A). The rotation of about 6
causes an opening of the interdomain crevice. As men-
tioned above, a fraction of one NADP domain in the MtdA
structure without NADP significantly deviates from the
conformations of the others (for details, see Experimen-
tal Procedures) and is similar to that found in the en-
zyme-NADP complex. Therefore, we assume that in
this system, NADP binding freezes one of the confor-
mations present rather than induces a conformational
change. The protein in the conformation after NADP
binding presumably forms the H4MPT binding site, so
NADP has to bind prior to methylene-H4MPT. Interest-
ingly, kinetic data of the homologous MtdB indicate a
faster reaction when started with NADP instead of
methylene-H4MPT [11]. Conformational changes upon
NADP binding were already expected, as crystals of
form 1 crack upon soaking with NADP.
The elongated NADP is multiply anchored to the pro-
tein matrix. In particular, the phosphate oxygens of the
adenine ribose phosphate group (Figure 4B) form six
hydrogen bonds to the side chains of Arg152, Lys156,
and Thr129, creating a site that is specific for NADP.
These residues are not conserved in MtdB (Figure 5),
which can bind both NAD and NADP. Notably, the
replacement of Arg152 by histidine is an instructive ex-
ample for sophisticated protein design because both
side chains are capable of holding the adenine ring in
its position by aromatic interactions and are able to
interact with the phosphate oxygens. However, the
larger distance between the histidine side chain and theFigure 2. Section of the 2FoFc Electron Density Map of MtdA
phosphate oxygens weakens the interactions betweenThe view is focused on the segment of the second subunit, which
them, thereby favoring the observed dual specificity inis an essential constituent of the substrate binding cleft. The map
MtdB. The pyrophosphate group is bound to the classi-was calculated at a resolution of 1.9 A˚ and is contoured at 1.7 . This
figure was generated with BOBSCRIPT [42]. cal glycine-rich loop with the recognition sequence
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Figure 3. Structure of MtdA
(A) Ribbon diagram of the MtdA trimer. Subunits are drawn in green, red, and blue. The three pterin binding domains are arranged close to
the noncrystallographic 3-fold axis, whereas the NADP binding domains point toward the solvent. The substrate binding sites are located
between the subunits.
(B) Stereoview of the C trace of an MtdA monomer. The course of the polypeptide chain from the amino- to the carboxy-terminal end is
shown in a “paint ramp” representation. Every twentieth residue is labeled.
(C) Ribbon diagram of the MtdA monomer. Each monomer consists of an NADP (green) and a pterin (red) domain. NADP is bound at the
C-terminal end of the  sheet; the nicotinamide group is embedded in the crevice between the two domains.
This figure was generated with MOLSCRIPT [43] and RASTER3D [44].
GXGXXG [27], which is known to interact with adenine crevice and linked with residues of helix 5 of the NADP
domain and the two interdomain helices 9 and 10ribose phosphate and nicotinamide (Figure 4B). Interest-
ingly, this canonical sequence is not conserved in the (Figure 3C). The Si side of the nicotinamide ring is
packed against the side chains of Thr102 and Val132related H4F-dependent dehydrogenases (see below), al-
though the conformation of this loop is strictly main- which are strictly conserved in MtdA and MtdB from
M. extorquens AM1 [11] and in putative proteins fromtained.
The nicotinamide ring is embedded in the interdomain Xanthobacter autotrophicus [4] and Methylococcus
Structure of Methylene-H4MPT Dehydrogenase
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Figure 4. NADP Binding
(A) Conformational change of the NADP bind-
ing domain with NADP (green/aquamarine)
and without NADP (red/orange). The pterin
domains on the left side superimpose almost
perfectly, whereas the NADP domain moves
after NADP binding in a way which opens
the interdomain cleft.
(B) Polar interactions between NADP and
the protein matrix. The specificity of MtdA for
NADP but not for NAD is achieved by multiple
interactions between the ribose phosphate
group and the polypeptide chain. Notably, the
amide oxygen of the nicotinamide group
forms a hydrogen bond to the amino group
of Lys256. The model is depicted in a ball-
and-stick representation (carbon for NADP
in light blue, carbon for the polypeptide in
gold, oxygen in red, nitrogen in blue, and
phosphorus in yellow).
This figure was generated with MOLSCRIPT
[43] and RASTER3D [44].
capsulatus (Figure 5) [47]. The Re side of the nicotin- posed (Figure 2). Flexible, solvent-exposed aromatic
residues coating a hydrophobic cleft are reminiscent ofamide ring is solvent exposed and is most likely the site
for the binding of methylene-H4MPT (see below). The other H4MPT-dependent enzymes such as methenyl-
H4MPT cyclohydrolase [28] and methylene-H4MPT re-pyridine part of nicotinamide is planar, as expected for
oxidized NADP. However, a significant bend of the am- ductase [29].
Modeling of methylene-H4MPT/H4F into its bindingide group is induced by a hydrogen bond between the
oxygen of the amide group and the positively charged site is possible because one knows the position of the
conserved residues within the cleft (Figure 6B), the dis-ammonium group of Lys256 (Figure 4B). Interestingly,
the hydride-transferring atom C4 of the nicotinamide tance of ca. 3.5 A˚ between the hydride-transferring
atoms C4 and C14a of NADP and methylene-H4MPT,ring is in van der Waals distance to the carbonyl oxygen
of Asn97 (3.4 A˚) and the hydroxyl group of Thr102 (3.4 A˚). respectively, and the stereochemistry of the hydride
transfer. 1H-NMR studies revealed that the pro-R hydro-
gen of methylene-H4MPT is transferred into the pro-RH4MPT and H4F Binding
position of NADP and vice versa, such that the Re sideA complex between methylene-H4MPT/H4F and MtdA
of H4MPT faces the Re side of NADP [15]. The Re sidecould not be structurally analyzed thus far. Neverthe-
orientation of NADP toward H4MPT is consistent withless, the binding site of the pterin can be unambiguously
the presented structural data. Moreover, model buildinglocated at the bottom of a deep, rather hydrophobic
of the substrate took into account that the pterin andcleft in the vicinity of the observed nicotinamide position
aminobenzoyl rings of the product, methenyl-H4MPT/(Figure 6A). This cleft, 20 A˚ long and 8 A˚ wide, is formed
H4F, are planarly arranged due to the large conjugatedby the NADP and pterin domains of one subunit and the
system. Based on these restraints, methylene-(dephos-pterin domain of a second subunit. The importance of
pho-)H4MPT was incorporated into the substrate bindingthe second subunit for binding methylene-H4MPT is
cleft using the program O [30]. The energy of the ternaryunderlined by the high degree of conservation of the
complex was subsequently minimized within the pro-cleft-forming residues within the MtdA/MtdB family.
gram CNS (Figure 6A) [31]. The cleft is sufficiently largeThese residues, including Tyr51, Thr52, Phe85, and
Phe88, are nonpolar, relatively flexible, and solvent ex- to harbor the entire molecule without interfering with
Structure
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ranged such that the planar system extends from the
pyrimidine group of the pterin at the cleft bottom to the
aminobenzoyl group touching the loop following strand
9. After a sharp kink, the ribitol and ribose groups of
H4MPT extend linearly to the opening of the cleft (Figure
6A). The -hydroxyglutaryl phosphate unit, present in
H4MPT but not in dephospho-H4MPT, protrudes into the
bulk solvent and does not bind to the protein. This is in
agreement with the similar kinetic parameters for de-
phospho-H4MPT and H4MPT [6].
The pterin ring is mainly anchored to the protein matrix
by aromatic interactions to the parallelly oriented benzyl
side chain of Phe18. The strictly conserved Phe18, which
is part of a hydrophobic patch involving Val22, Thr52,
and Leu257 in the H4MPT free enzyme, presumably ro-
tates to the Si side of the pterin ring upon methylene-
H4MPT/H4F binding. Attractive candidates for forming
polar protein-pterin interactions are Asp19 and Lys256,
the side chains of which are in close contact to the
amine and carbonyl substituents of the pyrimidine group
of methylene-H4MPT/H4F. These interactions might also
be responsible for the observed Re, Re stereospecificity
of the hydride transfer, as an alternative Si face orienta-
tion of H4MPT toward the nicotinamide is spatially pos-
sible.
The aminobenzoyl group of methylene-H4MPT/H4F is
flanked by Ile199 and Tyr51. Gln224 might be involved
in binding the amide group of methylene-H4F or the
ribitol hydroxy groups of methylene-H4MPT. Interest-
ingly, Ile199 and Gln224, the latter located in a conserved
region, are not conserved between MtdA and MtdB (Fig-
ure 5), which might affect the different specificity be-
tween MtdA and MtdB for methylene-H4F (Figure 5).
In MtdA, the major fraction of the glutamate tail of
methylene-H4F is probably directed toward the solvent
and does not interact with the second subunit. In con-
trast, the ribitol and the ribose groups of methylene-
H4MPT are sandwiched between the conserved side
chains of Ile50 on one side and of Phe85 and Phe88
(protruding from the second subunit) on the other side
Figure 6. Substrate Binding Sites and Active Site of MtdA of the cleft. However, the distances between these resi-
dues and the modeled methylene-(dephospho-)H4MPT(A) The substrate binding cleft is built up by the NADP (molecular
surface colored in blue) and pterin (light blue) domains of one subunit are too large for forming van der Waals contacts (Figure
and the pterin domain (yellow) of the second subunit. The position 6A). Therefore, methylene-H4MPT binding might induce
of NADP (light brown) was determined experimentally, and that of relative domain movements to decrease the diameter
methylene-H4MPT (red) is modeled. of the cleft.(B) Conservation of the residues on the protein surface within the
MtdA/MtdB family. The surface was colored in blue when the equiva-
lent residues in the five aligned sequences (Figure 5) were identical. Catalytic Reaction
NADP and methylene-H4MPT bind in the regions with the highest As observed for other NAD(P)-dependent oxidoreduc-
sequence identity. tases, the active site of MtdA is embedded between two
This figure was generated with GRASP [45].
domains, one being involved in the binding of NADP
and the other mainly in the binding of H4MPT and H4F.
The protein scaffold shields the site of the hydride trans-any main chain atom. However, the side chains of Phe18
and Asn97 have to evade the modeled methylene- fer from bulk solvent and fixes the catalytically relevant
nicotinamide and pterin groups in parallel and within(dephospho-)H4MPT. Methylene-H4MPT/H4F are ar-
Figure 5. Primary Structure Alignment within the MtdA/MtdB Family
The multiple sequence alignment includes MtdA and MtdB from M. extorquens [6, 11], and putative MtdB proteins from Xanthobacter
autotrophicus [4] and from the unfinished genome of Methylococcus capsulatus [47]. The alignment of the methylene-H4F dehydrogenases
and MtdA is based on a structural superposition using GA-FIT [32]. Secondary structures were assigned for MtdA and the human bifunctional
methylene-H4F dehydrogenase using the program DSSP [46] and are indicated by arrows and bars below the sequences. This figure was
generated with GRASP [45].
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Figure 7. Comparison of the Active Site Regions of Methylene-H4MPT and Methylene-H4F Dehydrogenases
The most pronounced difference is the positioning of a polypeptide segment which is an important constituent of the active site of MtdA
(magenta) but not of methylene-H4F dehydrogenase/cyclohydrolase (yellow). The different design of the active site might be responsible for
the different protonation state for the essential Lys256 in MtdA and Lys56 in the human methylene-H4F dehydrogenase/cyclohydrolase. This
figure was generated with MOLSCRIPT [43].
van der Waals contacts to each other (Figure 6A). This Comparison between Methylene-H4F- and -H4MPT-
Dependent Dehydrogenasesis achieved by tightly packing the side chain of Phe18
A sequence alignment of mono- or bifunctional NADP-to the Si side of methylene-H4MPT and the side chains of
dependent methylene-H4F dehydrogenases [16–18] andVal132 and Thr102 to the Si side of NADP. In agreement
methylene-H4MPT dehydrogenases (MtdA and MtdB)with kinetic data [6], the presented structural data indi-
did not indicate a structural relationship between thesecate a ternary catalytic mechanism and a direct hydride
enzymes [6, 11]. However, the structural comparisontransfer between the substrates.
revealed a common fold among NADP-dependent pterinThe protein matrix does not only function as a scaffold
dehydrogenases as documented by an rms deviationfor positioning the reaction partners appropriately, it
between MtdA and the human, E. coli, and yeast methyl-also participates directly in catalysis. For example, the
ene-H4F dehydrogenases of 3.6 A˚, 3.7 A˚, and 3.9 A˚,carbonyl oxygen of Asn97 and the hydroxyl group of
respectively, based on around 65% of the C atoms [23].Thr102 may stabilize the reduced NADP; in particular,
Due to a different relative orientation of the two domains,the Re hydrogen of the C4 atom can favorably interact
the rms deviations between the individual domains arewith the carbonyl oxygen of Asn97 (Figure 4B). A key
much lower with 1.4 A˚, 1.3 A˚, and 1.5 A˚ for the NADPresidue in substrate binding and catalysis appears to
domain and 1.9 A˚, 1.8 A˚, and 1.9 A˚, respectively, for thebe the conserved Lys256, which was observed in two
pterin domain [32]. The nearly identical rms deviationalternate conformations. In the MtdA structure without
between MtdA and each of the three structurally knownNADP bound, the amino group of Lys256 is hydrogen
methylene-H4F dehydrogenases indicates a similarbonded to the imidazole nitrogen of His260, which
structural difference and a similar evolutionary distanceseems to be uncharged due to this interaction and to
between them. In other words, the close structural rela-its hydrophobic environment (Phe64, Ile264, and Val22).
tionship among mono- and bifunctional methylene-Thus, His260 acts as a hydrogen acceptor and not as
H4F dehydrogenases [18] suggests a single commonan acid/base catalyst, which is further supported by the
branchpoint from the MtdA/MtdB family. However, their
fact that His260 is replaced by a glutamine in MtdB common ancestor needs not be a precursor NADP-
(Figure 5). In a second conformation, the side chain of dependent pterin dehydrogenase because other en-
Lys256 is directed toward the cleft bottom and interacts zymes, like the malic enzyme [19] and aspartate and
with NADP and potentially with methylene-H4MPT/H4F ornithine transcarbamoylases [20, 21] with completely
(Figure 7). The hydrogen bond between the positively different substrate specificities, are also structurally re-
charged ammonium group of Lys256 and the amide lated to MtdA. Thus, a convergent evolution, from differ-
oxygen of NADP leads to a withdrawal of negative ent precursor proteins adopting the described fold, can-
charge from the nicotinamide ring system and to a rota- not be excluded.
tion of the amide group out of the ring plane (Figure 4B), Besides the obvious structural relationship that de-
which weakens the conjugated double bond system. fines a superfamily of NAD(P)-dependent pterin dehy-
Both effects destabilize the aromatic NADP state and drogenases, there are remarkable differences between
favor the reduction process from NADP to NADPH by methylene-H4F and -H4MPT dehydrogenases:
(1) MtdA contains a larger C-terminal extension com-oxidizing methylene-H4MPT.
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pared to methylene-H4F dehydrogenases (Figure 5) [16– drogenases [18]. In contrast, Lys256 of the NADP do-
main in MtdA is closer to NADP than to H4MPT, and18], whereas the latter enzymes contain a large N-ter-
minal extension compared to MtdA. This N-terminal destabilizes oxidized NADP by its positive charge as
postulated above (Figure 4B).extension consists of a  strand attached to the central
sheet of the NADP domain and a long  helix connecting
the NADP and pterin domains. In contrast, the C-ter- Biological Implications
minal extension of MtdA contains strand 12, attached
to the central sheet of the pterin domain, and an  helix, Heterotrophic methylotrophic proteobacteria like Meth-
located between the domains. Both extensions bridge ylobacterium extorquens AM1 convert methanol to CO2
the two domains and perhaps reflect different strategies for energy conservation by using H4MPT. Previously,
for fine tuning their relative mobility and relative orienta- H4MPT-dependent reactions were thought to only be
tions. Indeed, a superposition of MtdA and the human involved in energy metabolism of methanogenic and
methylene-H4F dehydrogenase/cyclohydrolase requires sulfate-reducing archaea. The dehydrogenation of
a rotation and a translation of the NADP domain toward methylene-H4MPT to methenyl-H4MPT, one reaction of
the pterin domain of 23.6 and 2.3 A˚, respectively, this pathway, is performed in M. extorquens AM1 by
thereby reducing the diameter of the cleft. As described two homologous NAD(P)-dependent methylene-H4MPT
above, a similar movement of the NADP domain of MtdA dehydrogenases, MtdA and MtdB. MtdA shows a dual
could take place upon methylene-H4MPT binding to op- specificity for methylene-H4MPT and methylene-H4F, in
timize substrate binding and to bury the hydrophobic contrast to MtdB, which only reacts with methylene-
side chains. H4MPT.
(2) The size and character of the substrate binding We determined the crystal structure of MtdA at 1.9 A˚
cleft differ significantly between methylene-H4F dehy- resolution with and without the cosubstrate NADP; the
drogenases and MtdA. First, the cleft is built by one substrate methylene-H4MPT could be modeled ac-
subunit in methylene-H4F dehydrogenases and by two cording to several biochemical and geometric restraints.
subunits in MtdA. The participation of the second sub- The enzyme functions as a homotrimer. Each subunit is
unit elongates the cleft (Figure 6A) and increases its composed of two domains which move relative to each
hydrophobic character, thus providing an improved other upon substrate binding. Although no significant
binding situation for the ribitol and ribose groups of sequence identity between the MtdA/MtdB and methyl-
H4MPT but not for the negatively charged glutamate ene-H4F dehydrogenase families could be identified,
group of H4F. In other words, the inability of the homodi- their monomers are structurally similar such that a diver-
meric methylene-H4F dehydrogenases to bind methyl- gent evolutionary development from a common ances-
ene-H4MPT seems to be due to the absence of a properly tor could be envisaged.
positioned second subunit. Thus, trimer formation in Substrate binding and catalysis of MtdA and methyl-
MtdA is a prerequisite for binding H4MPT. This is remark- ene-H4F dehydrogenases are related on the one hand,
able, as the involvement of a second subunit is a highly but different substrate specificities and thermodynamic
complicated strategy to realize substrate specificity. It demands require substantial structural adaptations on
requires a series of amino acid exchanges far away from the other. First, the capability of MtdA and methylene-
the substrate binding site. Second, the character of the H4F dehydrogenases to preferably bind methylene-
active site is markedly influenced by a strictly conserved H4MPT and methylene-H4F, respectively, is primarily due
segment between helices 2 and 3 at the bottom of to their different oligomeric state. The participation of a
the cleft, which is directly involved in substrate binding second subunit in the trimeric MtdA is essential for
and catalysis in the case of MtdA (Figure 7) but far away H4MPT binding. Second, a loop segment is a central
from the active site in methylene-H4F dehydrogenases. constituent of the active site in MtdA but not in methyl-
In MtdA, this segment increases the polarity at the bot- ene-H4F dehydrogenases. Due to this segment, the ac-
tom of the cleft (Figure 7), whereas in methylene-H4F tive site of MtdA is polar in contrast to that of methylene-
dehydrogenases, large nonpolar side chains point to H4F dehydrogenases, which is largely hydrophobic. This
this region [16]. Moreover, the position of the loop in is of interest because a catalytically crucial lysine of
MtdA shortens the binding site for the pterin and amino- methylene-H4F dehydrogenase/cyclohydrolase is pos-
benzoyl moieties, which might cause a steric problem tulated to function via its uncharged state, whereas the
for the longer planar system of H4F, and which could positively charged state of Lys256 of MtdA destabilizes
be exploited by MtdB to prevent H4F binding by small oxidized NADP. This destabilization facilitates the re-
conformational changes. duction of NADP and presumably contributes kinetic
(3) A comparative analysis of putative active site resi- enhancement to the thermodynamically favored reduc-
dues revealed that two lysines play an important but tion of NADP by methylene-H4MPT, which is important
different catalytic role. In human methylene-H4F dehy- for the C1 metabolism of M. extorquens AM1.
drogenase/cyclohydrolase, Lys56 protrudes from the
pterin domain toward the cleft bottom and is closer to Experimental Procedures
H4MPT than to NADP (Figure 7). Lys56 is considered
Crystallization and Data Collectionto be neutral due to its nonpolar environment and uses
MtdA was overproduced in E. coli BL21 and purified as describedits amino group for nucleophilic attack to the pterin
[11]. Crystallization trials were performed with an enzyme solutionring. Notably, Lys56 presumably has a more important
consisting of 15 mg/ml protein in 100 mM HEPES (pH 7.5), using
function for the cyclohydrolase than for the dehydroge- the hanging drop vapor diffusion method. Crystals of form 1 were
nase reaction [33]. This is supported by the absence of obtained at a temperature of 4C when 1 l protein solution was
mixed with 1 l reservoir solution containing 20% PEG1500, 20 mMan equivalent lysine in monofunctional yeast H4F dehy-
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